The culturability of microorganisms in a 10 cm core of an Australian pasture soil was investigated using a minimal agar medium with xylan as the growth substrate. Culturability decreased with increasing depth, from a maximum of 19% of the total microscopically countable cells in the 0-2 cm section to 2.4% in the 8-10 cm section. Seventy-one isolates from the core were identified by comparative 16S rRNA gene sequence analysis. Many of these isolates belong to groups of globally distributed soil bacteria, including well-characterized families of the classes Alphaproteobacteria and Betaproteobacteria , and of the subclass Actinobacteridae . Other isolates belong to groups with few or no cultivated representatives: 10 isolates in two subdivisions of the phylum Acidobacteria , five isolates in a new order and nine isolates in a new family of the class Alphaproteobacteria , two isolates in a new order of the class Gammaproteobacteria , three isolates in two new families of the subclass Actinobacteridae , and two isolates in the subclass Rubrobacteridae . These new isolates represent the first laboratory cultures able to be assigned to some of these groups and greatly increase the number of cultivated strains known for others. This demonstrates that a minimal change in cultivation strategy (using a polymeric growth substrate and longer incubation times) can result in the isolation of globally distributed but previously uncultured phylogenetically novel soil bacteria.
Introduction
Soil is a highly heterogeneous environment, which is reflected in the diversity of the physiological and metabolic capabilities of the soil microflora (Alexander, 1977) . Torsvik et al . (1990) used reassociation kinetics of singlestranded DNA to demonstrate that there is also a high genetic diversity among the soil microflora, and estimated that a forest soil sample contained about 4000-6000 genome equivalents that could represent between 12 000 and 18 000 different species (Torsvik et al ., 1996) . Using the same techniques, two other soils were estimated to contain 140-350 and 3500-8800 genome equivalents (Øvreås and Torsvik, 1998) , which could represent about 400-1000 and 10 000-26 000 different species respectively. It is known that the bacterial component of the soil microflora contains a wide phylogenetic diversity (Liesack et al ., 1997; Hugenholtz et al ., 1998) , most of which remains sparsely studied. This is because the proportion of readily culturable organisms in soil microbial communities is generally found to be < 5% of the total microscopically countable cells, and the culturable proportion tends to be unrepresentative of the total phylogenetic diversity of soil bacteria (Dunbar et al ., 1999; Felske et al ., 1999; Kaiser et al ., 2001; Smit et al ., 2001) . Indeed, members of many bacterial phyla have so far eluded cultivation on standard laboratory media (Hugenholtz et al ., 1998) , making their detailed study more difficult.
Culture-independent molecular surveys of terrestrial environments have been performed using polymerase chain reaction (PCR)-mediated amplification of 16S rRNA gene sequences from DNA extracted directly from those environments. It is from these data that we know of the existence of large phylogenetic groups of bacteria that are poorly or not at all represented by cultivated strains (Liesack et al ., 1997; Hugenholtz et al ., 1998) . Comparative phylogenetic analysis of the DNA sequences of cloned 16S rRNA genes has shown that members of four major phylogenetic groups are ubiquitous to almost all soil types: the class Alphaproteobacteria , and the phyla Actinobacteria , Acidobacteria and Verrucomicrobia . These four groups are represented in > 75% of 16S rDNA clone library studies of soil bacterial communities (Hugenholtz et al ., 1998) . Other classes of the phylum Proteobacteria and phyla such as the Bacteroidetes , Firmicutes , Chloroflexi and Planctomycetes are detected in 25-75% of studies (Hugenholtz et al ., 1998) . Some of these phyla, such as the Acidobacteria , contain few cultivated representatives, and these are often from atypical terrestrial environments. Members of the phylum Acidobacteria appear to be numerically dominant and active members of most soils, forming up to 52% of 16S rRNA gene sequences in clone libraries (Kuske et al ., 1997; Nogales et al ., 1999; Felske et al ., 2000a,b) . However, only one named species has been reported from soil, and this species, Acidobacterium capsulatum, was isolated from an acid mine drainage site (Kishimoto and Tano, 1987) . Other groups, such as the phyla Actinobacteria and Proteobacteria , despite having large numbers of cultivated and described species, still contain large clades represented only by cloned 16S rRNA gene sequences.
The isolation and characterization of organisms belonging to widespread but previously uncultivated groups of organisms can provide insights into the roles and functions of these organisms in their natural settings and assist in the formulation of hypotheses about metabolic interactions between microorganisms in a natural environment (Zinder and Salyers, 2001) . Recently, we have revisited the question of culturability of soil bacteria using simple methodologies, and have found that there is considerable scope for improving both the apparent culturability and the phylogenetic range of bacteria that can be cultivated (Janssen et al ., 2002) . The aim of this study was to use these new insights to isolate representatives of globally distributed soil bacteria belonging to clades of bacteria represented only by 16S rRNA gene sequences or only by few cultivated representatives.
Results and discussion

Microscopic enumeration of soil microorganisms in soil sections
All of the experiments were conducted on one soil core from a mixed rye grass and clover pasture, as the aim was not to test reproducibility, but to demonstrate that novel bacteria can be relatively easily isolated. The number of microbial cells, determined by epifluorescence microscopy after dual DAPI/AO staining, ranged from a maximum of 9.6 ¥ 10 9 cells g -1 of dry soil in the 0-2 cm section of soil, to 1.9 ¥ 10 9 cells g -1 of dry soil in the 8-10 cm section ( Fig. 1) . At least 20 fields were counted in each of three subsamples of each section, totalling 5854 cells in the 0-2 cm section, 3729 cells in the 2-4 cm section, 2640 cells in the 4-6 cm section, 2894 cells in the 6-8 cm section and 1062 cells in the 8-10 cm section. Generally, the total number of cells per gram of dry soil decreased with increasing depth, but a small secondary maximum was observed in the 6-8 cm section of the soil (Fig. 1) . Soil moisture did not vary greatly, being 28-34% of the fresh weight in the five different sections (Fig. 1) .
Viable counts of soil bacteria
We investigated the culturability of microorganisms in the soil core by combining a number of findings previously reported. The heteropolysaccharide xylan was selected as the growth substrate. The use of polymers as substrates may eliminate sudden exposure of soil bacteria to high substrate concentrations, as polymers must be hydrolysed before they can be utilized by microorganisms (Liesack et al ., 1997; Chin et al ., 1999) . This may alleviate the problem of substrate-accelerated death that is observed when organisms growing under oligotrophic conditions are transferred to high substrate concentrations (Postgate and Hunter, 1964; Straškrabová, 1983) . It is likely that other polymers may be as effective, but this was not investigated in the current study. We used a relatively long incubation time of 12 weeks to allow colony development by slowgrowing organisms (Janssen et al ., 2002) .
The soil core was divided into 2 cm sections (by depth) to reduce the effect of dilution of microorganisms found in the deeper soil layers by the higher number of cells in the potentially more nutrient-rich upper soil layers. Viable counts ranged from a maximum of 1.8 ¥ 10 9 colonyforming units (cfu) g -1 of dry soil obtained from the 0-2 cm section of the soil, corresponding to 19% of the total microscopically countable cells, to a minimum of 4.6 ¥ 10 7 cfu g -1 of dry soil, corresponding to 2.4% of the total microscopically countable cells, in the 8-10 cm section (Fig. 1) . The number of cfu generally decreased with increasing depth, but a secondary maximum was observed in the 6-8 cm section of the soil core. This coincided with the increase in the microscopically determined total number of microbial cells observed in the same section (Fig. 1 ), which could indicate a possible 'hotspot' of microbial activity.
Isolation and identification of soil bacteria
A total of 210 colonies from the plates used for the determination of the cfu count were selected, and repeatedly streaked onto fresh plates to obtain pure cultures. An effort was made to select representatives of the different colony types. Seventy-one isolates were successfully subcultured, with representatives from each of the five 2 cm sections (Table 1) . Although the plates for the initial isolation experiments were incubated for 12 weeks, subcultures of many of the isolates grew to form visible colonies within 1 week. Approximately 400 bp of the nucleotide sequence were determined from the 5' region of the 16S rRNA gene for each of these 71 isolates, and compared to sequences available in the GenBank databases using BLAST (Altschul et al ., 1990) . All isolates could be assigned to recognised phyla of the domain Bacteria . Ten isolates belonged to the phylum Acidobacteria , 14 isolates to the phylum Actinobacteria , 2 isolates to the phylum Bacteroidetes , and 35, 8 and 2 isolates to the classes Alphaproteobacteria , Betaproteobacteria , and Gammaproteobacteria within the phylum Proteobacteria respectively ( Table 1 ). The use of agar as the gelling agent did not appear to reduce the amount of diversity obtained in this study, when compared to an earlier investigation (Janssen et al ., 2002 ) that used gellan gum as the gelling agent. However, it is not possible to determine if the two different gelling agents select for different but diverse groups of soil bacteria because the sample sizes are too small.
Although making taxonomic assignments based solely on comparative analysis of 16S rRNA gene sequences is a highly contentious issue (Gest and Favinger, 2001) , we have attempted to indicate the degree of novelty of the soil isolates by assigning them to taxonomic groupings based initially on 16S rRNA gene sequence identities, and then in more detail for 31 isolates based on 16S rRNA gene phylogeny (below). Determining taxonomic rank by sequence identity thresholds is approximate at best because 16S rRNA genes evolve at different rates in different organisms (Woese, 1987) . In the following discussion, we have deferred to the guidelines of < 98% 16S rRNA gene sequence identity indicating distinct species (Stackebrandt and Goebel, 1994) and < 96% indicating distinct genera (Everett et al ., 1999) . We have used the nomenclature of Bergey's Manual of Systematic Bacteriology (Garrity et al ., 2001 ) in most instances.
Preliminary phylogenetic placements based on the results of the BLAST analyses revealed that many of the isolates are closely related ( > 96% sequence identity) to members of characterized and named bacterial families, such as Nocardiaceae , Microbacteriaceae , Bradyrhizobiaceae , Sphingomonadaceae , Methylobacteriaceae and Burkholderiaceae (Table 1) . Other isolates are, however, more distantly related to previously cultivated bacteria, and some belong to groups with few or no known cultivated representatives. Extended sequence information (1013-1461 bp) was obtained for the 16S rRNA genes of 31 of the isolates, and an accurate phylogenetic placement was determined by comparative analyses of these gene sequences (see below).
Isolates belonging to the phylum Acidobacteria
Ten isolates from the soil core have phylogenetic affiliation with members of the phylum Acidobacteria (Table 1) , greatly increasing the number of known cultured representatives of this phylum. Moreover, this is the first description of isolates from subdivision three of the phylum Acidobacteria . The 10 isolates likely represent at least six novel genera in subdivision 1 and a new genus in subdivision 3. Assigning these genera to higher taxonomic ranks at this stage is premature, given the overall unformalised classification of the phylum. However, the new isolates clearly increase the coverage of this phylum by cultured isolates and provide reference cultures for groups identified by culture-independent methods as being globally distributed in soil (Stackebrandt et al ., 1993; Rheims et al ., 1996; Borneman and Triplett, 1997; Kuske et al ., 1997; Nogales et al ., 1999; Nogales et al ., 2001; Benson et al ., 2002) and possibly numerically significant and metabolically active members of the soil bacterial community (Kuske et al ., 1997; Nogales et al ., 1999; Felske et al ., 2000a,b) .
Eight isolates from the soil core could be reproducibly assigned to subdivision 1 of the phylum Acidobacteria (Fig. 2) , which is currently represented by Acidobacterium capsulatum (Kishimoto et al., 1991) and two as-yet unnamed isolates (Janssen et al., 2002) . Branching orders within this subdivision are not highly significant as determined by bootstrap resampling and using different inference methods. However, isolates Ellin337 and Ellin351 are part of a monophyletic cluster that otherwise contains only cloned 16S rRNA and 16S rRNA gene sequences from studies of soils. The 16S rRNA gene sequences of isolates Ellin310 and Ellin311 are 95% identical to the 16S rRNA gene sequence of Acidobacterium capsulatum, but a specific relationship between these three isolates is only modestly supported by bootstrap sampling (<75% bootstrap proportion values). Phylogenetic analysis of the 16S rRNA gene sequences of two further isolates, Ellin342 and Ellin371, strongly supports their classification as members of subdivision 3 of the phylum Acidobacteria, and more specifically as members of a monophyletic group within this subdivision comprising only cloned 16S rRNA and 16S rRNA gene sequences (Fig. 2) .
Members of the phylum Actinobacteria
Fourteen isolates had phylogenetic affiliation with the phylum Actinobacteria, with 12 belonging to the wellcharacterized subclass Actinobacteridae and two related to members of the widely distributed but little-studied subclass Rubrobacteridae (Table 1) . Nine of these 14 isolates belonged to groups of commonly isolated soil bacteria within the subclass Actinobacteridae: the families Nocardiaceae (two isolates), Microbacteriaceae (four isolates), Kineosporiaceae (two isolates) and Micromonosporaceae (one isolate). The phylogenetic placement of the other five isolates was determined by more detailed comparative analysis of their 16S rRNA gene sequences.
Isolates Ellin306 and Ellin347 consistently clustered with members of the suborder Frankineae (Fig. 3) , although bootstrap values supporting this association (and the overall monophyly of the suborder) were consistently low (<50%). These isolates, which formed a reproducibly monophyletic group with cloned 16S rRNA gene sequences recovered from the rhizosphere of Alnus viridis (Normand and Chapelon, 1997 ) and a 16S rRNA sequence recovered from soil (Nogales et al., 1999) , likely comprise a new family within the Frankineae, because they are unaffiliated to existing families within this suborder.
Isolate Ellin334 has no close relatives and was consistently associated with the suborder Streptosporangineae, although bootstrap values supporting this association were marginal (62-65%). Therefore, this isolate conservatively comprises a new family within the Streptosporangineae, or may even be a representative of a new suborder.
Isolates Ellin301 and Ellin325 are representatives of a large clade of soil bacteria known to date mainly as cloned 16S rRNA genes. This clade is weakly associated with the subclass Rubrobacteridae. This association was not resolved in all analyses, and the new clade conservatively represents a new order within the subclass Rubrobacteridae, including members of the group 1 Actinobacteria as defined by or group 2 Rubrobacteria by Holmes et al. (2000) . Previously, only two named species of this subclass have been isolated and characterized in pure culture: Rubrobacter radiotolerans (Yoshinaka et al., 1973) and Rubrobacter xylanophilus (Carreto et al., 1996) are moderate thermophiles with temperature optima of 48∞ and 60∞C, respectively, and unlikely to have the same physiologies as the organisms found in soil habitats. The two isolates obtained in this study are most closely related to soil bacteria from a number of sites detected only as 16S rRNA gene sequences (Stackebrandt et al., 1993; Rheims et al., 1996; Benson et al., 2002) , to isolate B33D1 from the soil lining an earthworm burrow (Furlong et al., 2002) , and to two isolates previously obtained from the rye grass and clover pasture soil studied in this investigation (Janssen et al., 2002) .
Members of the phylum Proteobacteria
Thirty-five isolates were phylogenetically affiliated with the class Alphaproteobacteria of the phylum Proteobacteria (Table 1) . Twenty-one of these were closely related to members of named and characterized families: Bradyrhizobiaceae (eight isolates), Sphingomonadaceae (six isolates), Methylobacteriaceae (two isolates), Beijerinckiaceae (two isolates), Acetobacteriaceae (one isolate), Rhizobiaceae (one isolate) and Phyllobacteriaceae (one isolate). The remaining 14 isolates belonging to the Alphaproteobacteria fell into two phylogenetically distinct groups that do not contain known named species. In all cases, the closest known relatives of these organisms have been detected as PCR-amplified, cloned 16S rRNA genes from a variety of soil habitats, suggesting these 14 isolates are the first cultivated representatives of two groups of widely distributed soil bacteria.
The 16S rRNA genes of six isolates (Ellin331, Ellin333, Ellin346, Ellin357, Ellin360 and Ellin361) are most similar to cloned 16S rRNA gene sequences obtained from the rhizoplane of Brassica napus (Kaiser et al., 2001) and from other habitats (Benson et al., 2002) . Based on the sequence identities (89-100%) between these 16S rRNA genes, these organisms may all fall into at least two unnamed genera (Fig. 4) . The 16S rRNA genes of three further isolates, Ellin314, Ellin328 and Ellin363 (Fig. 4) , fall within a radiation including cloned sequences from a ferromanganous micronodule sediment environment (Stein et al., 2001) and from the rhizoplane of plants (Marilley and Aragno, 1999; Benson et al., 2002) . These nine isolates, together with a range of cloned 16S rRNA and 16S rRNA gene sequences, comprise a monophyletic group weakly associated with the order Rhodospirillales (Fig. 4) . This relationship was not resolved by parsimony inference and only weakly supported (bootstrap proportion 62%) by distance inference. Therefore, the group may also represent a new order within the Alphaproteobacteria, but we have chosen to conservatively assign it as a novel but as-yet unnamed family within the order Rhodospirillales (Fig. 4) . Phylogenetic analysis of 16S rRNA gene sequences obtained from the second group of novel members of the class Alphaproteobacteria, isolates Ellin329, Ellin332, Ellin335, Ellin359 and Ellin362, indicates that they comprise a monophyletic cluster unaffiliated to all currently described orders within the Alphaproteobacteria and therefore likely represent a novel order in this proteobacterial class, with no significant sequence identity to cultivated organisms. A number of PCR-amplified, cloned 16S rRNA genes, from a variety of soils (Rheims et al., 1996; McCaig et al., 1999; Nogales et al., 1999; Macrae et al., 2000) , also fall into this radiation. The sequence identities (93-100%) within this radiation suggest that all of these sequences may be derived from organisms that could be classified in at least two genera within this new order.
Seven isolates could be assigned to the genus Burkholderia of the class Betaproteobacteria (Table 1) . A further isolate, Ellin321, is a member of a lineage of the family Comamonadaceae within the class Betaproteobacteria represented by nucleotide sequences from a polluted moorland soil (Nogales et al., 1999; Nogales et al., 2001 ) and a number of isolates (Straub et al., 1996; Kalmbach et al., 1997; Mitsui et al., 1997) .
Two isolates (Ellin307 and Ellin339) are members of a new order within the class Gammaproteobacteria (Fig. 4) . These isolates are closely related to the hosts of 16S rRNA sequences detected in a polluted moorland soil (Nogales et al., 1999; and to members of clusters 19-21 of the Gammaproteobacteria detected only as 16S rRNA gene sequences in a pasture soil (McCaig et al., 1999) .
Conclusions
There did not appear to be a significant trend in the incidence of particular groups of culturable organisms within certain sections of the soil core, except that there was a greater occurrence of isolates of Burkholderia spp. from the deeper sections. The higher proportion of culturable bacteria obtained in the upper sections of the core could possibly have resulted from higher bacterial activity in these layers compared to the deeper layers, as a result of nutrient input from leaf litter. Organic material is typically more abundant in the upper layers (Schlesinger, 1991) , and therefore the organisms may be better adapted to increased fluxes of organic substrates. These more active organisms may better be able to initiate growth on microbiological media. It is not known if the decrease in the culturable proportion of the community is due to an increase in the proportion of unresponsive cells with increasing depth, or whether the single set of growth conditions selected (medium composition, pH, temperature, pO 2 , and substrate) was less appropriate for cultivating the physiological groups of soil bacteria predominating in the deeper soil layers. The isolation of more Burkholderia spp. in the lower sections may therefore not be related to their dominance in those samples. It is possible that the lower culturability observed meant that fewer members of the more numerous bacterial groups were able to initiate growth, which would mean that rarer organisms that grow more readily would tend to be isolated. Burkholderia spp. may fall into the latter category.
The methods employed resulted in the isolation of representatives of rarely isolated groups and novel groups of bacteria from all depths. The isolates belong to four bacterial phyla: Acidobacteria, Actinobacteria, Bacteroidetes and Proteobacteria. Within these phyla, many of the isolates belong to lineages with few or no known cultivated representatives. Instead, they belong to groups that have been detected in clone library studies of PCR-amplified 16S rRNA genes from a variety of soils. The physiology and roles of the organisms that host these 16S rRNA genes has been speculative because they have, until now, not been able to be grown in the laboratory. This study has shown that at least some of these bacteria detected by molecular ecological methods are not 'unculturable', and that their isolation in pure culture does not require elaborate or expensive cultivation strategies. As well as novel organisms from groups poorly represented by cultivated representatives, isolates closely related to members of well-characterized families were also obtained. This shows that our methods did not select for novel groups, but instead extended the range of soil bacteria able to be cultivated. The successes from a modest effort suggest that simple cultivation-based approaches still have a lot to offer.
The availability of pure culture isolates greatly simplifies investigations of the physiology and roles of bacteria. Initial biochemical and genetic studies in the laboratory can allow more effective formulation of hypotheses, which can then be tested in the natural habitat. The soil isolates obtained in this study are currently being characterized to enable formal descriptions to be made. Of particular interest is the isolation of two members of subdivision 3 of the phylum Acidobacteria, since no cultivated members of this phylogenetic group were known prior to this study. Moreover, characterization of all 10 Acidobacteria isolates is of interest because the physiological breadth of the whole phylum is currently described by only three named species (Hugenholtz et al., 1998) . Based on the isolation procedure alone, we can report that members belonging to subdivisions 1 and 3 of this phylum are capable of growing heterotrophically on simple media, under aerobic conditions at slightly acidic pH. In addition, representatives of globally distributed lineages of soil bacteria previously detected only as PCR-amplified, cloned 16S rRNA genes within the well-studied class Alphaproteobacteria and the subclass Actinobacteridae also display similar physiologies.
Experimental procedures
Soil conditions and sampling
The soil used in this study was collected from a rotationally grazed perennial ryegrass (Lolium perenne) and white clover (Trifolium repens) pasture at the Dairy Research Institute, Ellinbank, Victoria, Australia, on 19 April 2000. The sample site is the same one as used by Janssen et al. (2002) , and is located at 38∞14.55¢ S, 145∞56.11¢ E. The soil is a krasnozem clay loam [Gn4.11 (Northcote, 1971) ; basaltic clay loam; Ferrosol (Isbell, 1996) ] fertilized with 35 kg of phosphorus per hectare per annum and grazed at a stocking rate of two cows per hectare. Further characteristics of the soil have been published elsewhere (Sargeant and Skene, 1970; Singh et al., 1999) .
A soil core (25 mm diameter, 100 mm depth) was collected using a clean metal soil corer and transported to the laboratory in a sealed polyethylene bag at ambient temperature and stored overnight at 4∞C. The core was sliced into 2 cm sections using a sterile scalpel blade. Large roots were removed from the core and each section sieved through a sterile brass sieve with a 2 mm aperture size (Endecotts). The sieved soil was used immediately for dry weight determination, microscopic cell counts and cultivation experiments.
Aliquots of approximately 5 g (accurately weighed) were dried at 105∞C for 5 days or until the soil weight was consistent for two consecutive days. The samples were reweighed at daily intervals, each time allowing them to cool to room temperature in a dessicator before weighing and returning them to 105∞C. The conversion factor of fresh to dry weight of soil was calculated and all results expressed per gram of dry soil.
Microscopic cell counts
Soil samples of approximately 0.1 g wet weight (accurately weighed) were fixed in phosphate-buffered saline (PBS; 0.13 M NaCl, 7 mM Na 2 HPO 4 , 3 mM NaH 2 PO 4 ; pH 7.2-7.4) containing 4% (w/v) paraformaldehyde at 4∞C for 24 h. The samples were then concentrated by centrifugation at 16 000 g for 5 min at room temperature, and washed once in PBS, before being resuspended in a total volume of 1 ml of PBS. The samples were dispersed by treatment (sonication) with a titanium ultrasonic needle probe (4 mm diameter, 127 mm long) using a Labsonic 2000 ultrasonic homogenizer (Braun) at 260 W cm -2 for 15 s with the probe tip positioned at two-thirds of the liquid depth in a 1.5 ml polypropylene microcentrifuge tube. Samples were dual-stained (Kuwae and Hosokawa, 1999 ) with 4¢,6-diamidino-2-phenylindole (DAPI) to a final concentration of 100 mg ml -1 and acridine orange (AO) to a final concentration of 1 mg ml -1 and incubated at 4∞C for 5 h in the dark. One microlitre of stained soil suspension was spread onto a 22 ¥ 22 mm glass coverslip which was then placed on an microscope slide that had been coated with a 0.1% (w/v) agarose solution containing 0.01% (w/v) CrK(SO4) 2 ·12H 2 O. Samples were viewed at 1000 times magnification using a Diaplan microscope (Leitz) under UV illumination (excitation filter BP340-380, dichromatic mirror RKP400, suppression filter LP430). Three subsamples were counted for each section and a minimum of 20 randomly selected fields counted for each subsample.
Cultivation experiments
An accurately weighed aliquot of soil (approximately 1 g fresh weight) from each soil core section was suspended in 100 ml of sterile glass-distilled water and mixed using a Tefloncoated magnetic bar (8 mm diameter, 50 mm long) for 15 min at approximately 200 r.p.m. The resultant suspensions were serially diluted in 10-fold steps by adding 2 ml of the previous dilution to 18 ml sterile single-strength medium VL55 base (see below), stirring for 5 min between dilutions. Volumes of 200 ml from 10 -5 to 10 -8 dilutions of the 0-2 cm, 2-4 cm and 4-6 cm sections and from 10 -4 to 10 -7 dilutions of the 4-6 cm, 6-8 cm and 8-10 cm were spread onto solid medium (see below) using a sterile glass spreader. Each dilution level consisted of five replicate plates per section. The plates were sealed with masking tape and incubated at 25∞C for 12 weeks in the dark and the number of colonies then counted. Each cfu count represents the mean of five plates at one dilution level, and was calculated based on the dry weight of the soil and dilution factors. Double-strength medium VL55 base contained 3.9 g 2-[N-morpholino]ethanesulfonic acid, 0.4 mM MgSO 4 , 0.6 mM CaCl 2 , 0.4 mM (NH 4 ) 2 HPO 4 , 2 ml of selenite/tungstate solution (Tschech and Pfennig, 1984) and 2 ml of trace element solution SL-10 (Widdel et al., 1983) per litre, and the pH was adjusted to 5.5 with a mixture of 200 mM NaOH plus 100 mM KOH. This double-strength medium base was autoclaved at 121∞C for 20 min and cooled to 56∞C. Ten millilitres of 5% (w/v) xylan from birchwood (Fluka), 2 ml of vitamin solution 1 and 6 ml of vitamin solution 2 were added per litre of doublestrength medium base. An equal volume of sterile 3% washed agar (Widdel and Bak, 1992) , autoclaved at 121∞C for 15 min and cooled to 56∞C, was then added to the medium base and mixed before dispensing the completed medium into sterile Petri dishes. This medium was used for enumeration and subcultivation.
Identification of isolates
Crude lysates containing genomic DNA were prepared by boiling a small amount of cell material scraped from a plate in 200 ml of distilled water for 10 min. The preparations were then placed on ice for 10 min, followed by centrifugation at 16 000 g for 10 min. The supernatant was used as the template in the PCR. For some isolates, cell material was added directly to the PCR without this initial boiling step ('colony PCR'). 16S rRNA genes were amplified using PCR in a Sprint thermocycler (Hybaid). Reaction mixtures of 40 ml were prepared, containing 1.25 ¥ PCR buffer (Qiagen), 1.25 mM MgCl 2 , 50 pmol of each of the primers 27f (5¢-GAGTTTGATC MTGGCTCAG-3¢) and 1492r (Lane, 1991) , 1.25 M betaine, 6.25% (v/v) dimethylsulphoxide, and 1 ml of crude lysate or approximately 0.5-1 mg of cell material from a bacterial col-ony, and overlaid with 2 drops of mineral oil (Promega). After an initial denaturation step at 94∞C for 2 min, 1.25 U of Taq DNA polymerase (Qiagen) and 5 nmol of each of the deoxyribonucleotide triphosphates (Promega) were added in a volume of 10 ml of water. Amplification occurred under the following conditions: 35 cycles consisting of denaturation at 94∞C for 15 s, annealing at 48∞C for 15 s, and extension at 72∞C for 1 min, followed by a single final step of 48∞C for 1.5 min and 72∞C for 6 min. PCR products were purified using the UltraClean PCR Clean-up DNA Purification kit (MoBio), according to the manufacturer's instructions. Partial sequencing of the 16S rRNA genes of new isolates was carried out using the sequencing primer 519r (Lane, 1991) , and the amplified genes from selected isolates were further sequenced using primers 357f, 907r, 926f, 1100r, 1114f, and 1492r (Lane, 1991) and R11 (Dorsch and Stackebrandt, 1992) . Sequencing was carried out using Big Dye terminator technology and 377 DNA sequencers (Applied Biosystems) at the Australian Genome Research Facility, Parkville, Victoria, Australia. The partial 16S rRNA gene sequences obtained in this study have been deposited in the GenBank databases as AF498683 to AF498753.
Purified PCR product obtained from isolate Ellin371 could not be sequenced as described above, and was cloned into the PCR 2.1 TOPO vector using the TOPO TA Cloning Kit (Invitrogen), then transformed into One Shot TOP10 chemically competent Escherichia coli (Invitrogen), all according to the manufacturer's instructions. Clones containing an insert of the expected size were identified by 'colony PCR' (see above) with primers GEM189r (5¢-AGCGGATAACAATTTCA CACAGG-3¢) and GEM2945f (5¢-CTGCAAGGCGATTAAGT TGGG-3¢), targeting regions of the vector flanking the cloning site. This amplified product was then purified and sequenced as described above.
The 16S rRNA gene sequences were compared with those in the GenBank database (Benson et al., 2002) using the BLAST program (Altschul et al., 1990 ) to obtain an approximate phylogenetic placement by comparison to genes from classified organisms. More detailed phylogenetic analyses were carried out in the ARB system (http://www.arb-home.de) as described elsewhere (Klein et al., 2001) . Briefly, evolutionary distance dendrograms were constructed using the Olsen substitution model and neighbour-joining tree-building algorithm. Partial-length sequences (<1250 nt) were inserted into the dendrogram using the parsimony insertion tool of ARB to show their approximate positions. Statistical support for branchpoints in the dendrograms was estimated by bootstrap analysis. The datasets from which the trees were inferred are available from the Ribosomal Database Project (Maidak et al., 2001) user-submitted alignments (http://rdp.cme.msu. edu/html/alignments.html). The nomenclature of phylogenetic and taxonomic groupings follows that of Garrity et al. (2001) , except for the subdivisions of the phylum Acidobacteria, which follow the scheme of Hugenholtz et al. (1998) .
